that NGF-induced CCVs can signal, in an in vitro kinase The available evidence has neither conclusively proven assay they conveyed the NGF signal to Elk, a downnor discounted the existence of any of the models. Instream target of activated Erk. Finally, we found evideed, the possibility exists that all may play a role. We dence that clathrin-mediated trafficking appears to play a critical role in the flow of information from TrkA receptor activation to the engagement of the Ras-MAPK path- endosomes, and they suggest that CCVs are one source
I-NGF internalThe recruitment of clathrin to membranes that followed NGF treatment raised the possibility that activated TrkA ized using any of the three inhibitors (at 2 min: p ϭ 0.43 ϪK versus MDC, p ϭ 0.27 ϪK versus CPZ, and p ϭ 0.43 MDC would be found in complex with CHC and with the clathrin adaptor protein AP2. To test this prediction, versus CPZ; at 5 min: p ϭ 0.12 ϪK versus MDC, p ϭ 0.053 ϪK versus CPZ, and p ϭ 0.62 MDC versus CPZ). NGF-treated PC12 cell lysates were immunoprecipitated with an antibody to TrkA prior to immunoblotting for CHC, Importantly, at the concentrations used, neither MDC (see Figure 7E ) nor CPZ or ϪK decreased TrkA activation AP2, phosphotyrosine, or TrkA. NGF treatment induced a large increase in tyrosine-phosphorylated TrkA that in response to NGF treatment (data not shown). The effect of the inhibitors was tested further in experipeaked at 2 min (Figure 2A ). The increase in activated TrkA was associated with increases in both CHC and ments in which binding of NGF (2 nM) was carried out for 1 hr at 4ЊC to inhibit normal membrane-trafficking AP2. Significant increases in CHC were detected at 1 min (49%; p Ͻ 0.001 versus untreated), at 2 min (75%; events. In the absence of inhibitors, there was a 49% (Ϯ6%; n ϭ 7; p ϭ 0.00001 versus unwarmed) increase p Ͻ 0.001), and at 5 min (40%; p Ͻ 0.001) ( Figure 2B) . Consistent with the transient recruitment of clathrin to in NGF internalization after warming for 5 min at 37ЊC. In contrast, there was no increase in NGF internalization nm in diameter and that had the structure characteristic of CCVs ( Figure 3C ). Fragmented CCVs and other small in the presence of either MDC (6% Ϯ 4%; n ϭ 3; p ϭ 0.68 versus unwarmed) or CPZ (0% Ϯ 1%; n ϭ 3; p ϭ membrane fragments were also present at low levels. Biochemical analysis showed that the CCV fraction was 0.89). We conclude that internalization of NGF in PC12 cells is mediated in part by the clathrin pathway. enriched 71.4-fold in CHC (n ϭ 3; p ϭ 0.00011), as comWe observed that NGF internalization in DRG neurons pared to an equivalent amount of protein from whole was largely dependent upon endocytosis through the cell lysates (WCL) ( Figure 3D ). A similar enrichment was clathrin pathway ( Figure 3B ). Using the same conditions observed for AP2 in the CCV fraction ( Figure 3D ). We as Figure 3A , we measured the amount of NGF internalfound that both CCVs and the WCL contained rab5, a ized during 15 min. As with PC12 cells, there was a signifiGTPase that is associated with endocytic vesicles (Figcant to 51% (Ϯ11%; n ϭ 3; p Ͻ 0.05) of the untreated value.
protein in treated cells, as a percent of the untreated control (see Figure 4A ). This gave a ratio for the extent of This finding shows that in PC12 cells, about 50% of NGF internalization requires TrkA activation. Importantly, enrichment with treatment (Table 1) . A value significantly greater than 1 would indicate that the increase was larger K252a reduced the internalization of NGF into CCVs to 10% (Ϯ6%; n ϭ 3; p Ͻ 0.02) of the untreated value, than could be accounted for by the increase in CCVs. For TrkA, neither the ratio at 2 min (0.95; p Ͼ 0.50) nor that indicating that a majority of clathrin-mediated NGF internalization is dependent on TrkA activation. These findat 5 min (1.36; p Ͻ 0.10) was significantly greater than 1. These data suggest that the increase in TrkA in CCVs ings suggest that NGF internalization via the clathrin pathway is dependent upon TrkA activation and reprewas due to the increase in the number of CCVs. To determine whether NGF in CCVs was bound to sents about half of total cellular NGF internalization. Other, non-clathrin-mediated mechanisms for NGF inTrkA, CCVs isolated from cells warmed in the presence of 125 I-NGF were lysed and immunoprecipitated with an ternalization do exist, but they are as yet poorly defined.
antibody against TrkA. Figure 5B shows a radiolabeled band corresponding to the monomer weight of NGF. In NGF-TrkA Complexes Were Found in CCVs We next determined whether NGF-TrkA complexes were one experiment, bands were excised from the gel and counted. Compared to the unwarmed sample, the present in CCVs. Figure 5A shows that TrkA was present in CCVs, and the amount increased following NGF treatamount of 125 I-NGF was 296% at 5 min, and 562% at 15 min. These studies show that NGF is bound to TrkA in ment (Table 1) . Following 2 min of NGF treatment, the amount was 157% (Table 1) , reflecting a 57% increase
CCVs. They also demonstrate that the amount of NGF bound to TrkA in CCVs was out of proportion to the above untreated ( Figure 5L ). At 5 min, the increase was 108% above untreated ( Figure 5L and Table 1 ). To clarify increase in CCV production, suggesting that TrkA receptors with bound NGF are enriched in the CCV fraction. whether these changes were due to the increase in CCV production observed with NGF treatment, the amount We expected that TrkA receptors in CCVs from NGFtreated cells would be activated. There was very little of TrkA in CCVs from treated cells, as a percent of the untreated control, was divided by the amount of CCV tyrosine phosphorylated TrkA in CCVs isolated from un- (Table 1) . Ras was also contained in CCVs. While some Ras was present the CCVs of treated cells at both 2 and 5 min ( Figure  5C ). Following treatment, there was a 307% increase in in the CCVs of untreated cells, the amount was significantly increased by NGF treatment at both 2 and 5 min phospho-TrkA at 2 min and a 510% increase at 5 min ( Figure 5L and Table 1 ). Therefore, the levels of phos-( Figure 5E ). The increases followed a time course similar to that for Shc ( Figure 5M and Table 1 ). To determine phorylated TrkA were dramatically increased with respect to CCV protein at both 2 and 5 min (Table 1) . We whether activated Ras was present, we affinity-precipitated the GTP bound form of Ras, using a GST-fusion conclude that NGF induces the formation of CCVs that are enriched in activated TrkA and that NGF remains protein consisting of the Ras binding domain of Raf-1. We observed increases in Ras-GTP at both 2 and 5 min bound to activated TrkA in this organelle.
of NGF treatment ( Figure 5M and 5N ) and was significantly in in the Ras-MAPK signaling pathway were associated with CCVs. Shc is an adaptor protein that participates in a excess of CCV protein (Table 1) . In contrast, while b-Raf was present (Figure 5G ), the levels did not increase with multicomponent complex to link activated TrkA to Ras, C-Raf, Mek, the MAPKs, Erk1, and 2. Several of these NGF treatment ( Figure 5N and Table 1 ). Mek1/2 were also increased at both 2 and 5 min of NGF treatment proteins were present in CCVs from untreated cells (Figures 5D, 5E, 5H, 6A) . Shc was present, as was Ras, ( Figure 5N and Table 1 ), but they were not enriched with respect to CCV protein (Table 1) . However, at both time Mek1/2, and Erk1/2. However, we detected only a small amount of C-Raf and very little of the activated forms points, phospho-Mek1/2 were markedly increased (Figures 5I and 5N and Table 1 ) and were significantly enof Ras, Mek1/2, and Erk1/2. NGF treatment resulted in several marked changes in riched relative to CCV protein.
Next, we asked whether activated Erk1/2 were associthe signaling proteins present within CCVs. First, we noted that NGF treatment caused an increase in the ated with CCVs. They were present in both treated and untreated cells (Figure 6A) , and the amount of these amount of the 66 kDa form of Shc associated with CCVs ( Figures 5D and 5M) . At 5 min, the increase in Shc signifiproteins was not increased by NGF treatment (Figure 6F and Table 1 ). Indeed, relative to CCV protein levels, for the CCV fraction. The relative enrichment of activated Erk1/2 in CCVs raised the possibility that these memthe amounts of p42 and p44 Erk were decreased (Table  1) . Of note, however, activated Erk1/2 were present esbranes could be used to propagate the MAPK signal. sentially only in CCVs from NGF-treated cells ( Figure  6B) , and the degree of phosphorylation increased be-NGF-Induced Signaling from CCVs tween 2 and 5 min. The pattern was highly reminiscent
To test the signaling potential of CCVs, we examined of that seen for the levels of Shc, Ras, and c-Raf (Figures the capacity of isolated CCVs to phosphorylate Elk, a 5D-5F). Phosphorylated Erk1/2 were both significantly well-known substrate of Erk. We used as substrate an enriched in CCVs following NGF treatment (Table 1) .
Elk-GST fusion protein that includes the Elk domain norThese studies provide evidence for the presence of mally phosphorylated by Erk1/2 in vivo. Consistent with components of the Ras-MAPK pathway in CCVs from our findings for activated Erk1/2 in CCVs, there was a untreated cells, and they document significant changes marked increase in activity associated with the CCVs in response to NGF treatment. The findings indicate that isolated from cells treated with NGF ( Figure 6E ). NGF NGF signaling results in the increasing presence within induced a nearly 2-fold increase in the ability to phosCCVs of activated TrkA, Shc, Ras, activated Ras, c-Raf, phorylate the Elk-GST substrate at 2 min and a 4-fold and activated Mek1/2 and suggest that these changes increase at 5 min ( Figure 6H and Table 1 ). We conclude are linked to the activation of Erk1/2. that CCVs can serve as a platform for propagating the NGF signal through the Ras-MAPK pathway. Relative Enrichment of Activated Erk1/2 in CCVs We asked whether there was enrichment of activated Clathrin-Mediated Membrane Trafficking and the Activation of Erk1/2 Erk1/2 in CCVs. Cell membranes appeared to be an important locus for MAPK signaling, as we found similar Since inhibition of clathrin-mediated endocytosis blunted the internalization of NGF and since CCVs were enriched levels of Erk1/2 in whole cell membranes (WCM) and in WCL ( Figure 6C) . Moreover, the levels of activated Erk1/2 in activated Erk1/2 following NGF treatment, we asked whether clathrin-mediated endocytosis played a role in were similar in these fractions ( Figure 6C ). Importantly, while in NGF-treated cells the absolute levels of total the activation of the Ras-MAPK pathway. We assessed the ability of NGF to induce the phosphorylation of Erk1/2 Erk1/2 and activated Erk1/2 were lower in the CCV fraction than in the WCM fraction (Figure 6D ), the amount in PC12 cells and DRG neurons treated with MDC. Figure  7A shows phospho-Erk1/2 immunostaining in an unof activated Erk1/2 relative to total Erk1/2 was enriched 4.5-fold in CCVs (Ϯ0.7; n ϭ 3; p Ͻ 0.001) ( Figure 6G) . treated PC12 cell, and Figure 7F shows an untreated DRG neuron. Treatment with NGF resulted in a dramatic This value was determined by calculating the ratio of phosphorylated Erk1/2 to total Erk1/2 for the WCM and increase in phospho-Erk1/2 immunostaining in both PC12 cells ( Figure 7B ) and DRG neurons ( Figure 7G ). the CCV fractions ( Figure 6G) Figures  7J and 7K) 
was inhibited (Figures 7D and 7I) without affecting Erk1/2 The Signaling Endosome Hypothesis and CCVs

Retrograde signaling of neurotrophins play an essential activation in untreated cells (Figures 7C and 7H). Interestingly, the inhibition of Erk activation in DRG neurons also role in the development and maintenance of the nervous system (Sofroniew et al., 2001). The mechanism(s) that occurred at the level of the neurites (compare
Signaling Pathways
The signaling endosome hypothesis raises the possi-NGF signals through a diverse set of pathways (Sofrobility that trophic factor signaling regulates the formation niew et al., 2001). We entertained the possibility that of endosomes. The current study supports this idea by protein components of non-MAPK pathways might be showing that activated TrkA is present in complex with present in the CCV fraction. We found that the p85 sub-CHC and AP2. As suggested by earlier studies on RTKs, unit of PI-3 kinase ( Figure 5J ) and PLC␥ ( Figure 5K) were activated receptors may be trafficked to clathrin-coated both present in CCVs and that their levels increased pits or may be preferentially retained in these memwith NGF treatment. The levels of PI3-K were quantified.
branes (Schmid, 1997) . In showing that the time course Relative to the untreated controls, the levels of PI3-K for TrkA complex formation with AP2 and CHC matches were 376% (Ϯ20.7%; n ϭ 3; p ϭ 0.002) at 2 min and that for clathrin recruitment to membranes, our findings 589% (Ϯ72.0%; n ϭ 3; p ϭ 0.0002) at 5 min of NGF suggest the important additional possibility that TrkA treatment. We were unable to detect the presence of activation locally induced the formation of clathrinAkt or phosphorylated Akt in the CCV fraction, either in coated membranes. The formation of complexes conthe presence or absence of NGF treatment (data not taining activated TrkA and clathrin in NGF-treated cells shown). Additional studies will be needed to address suggested that NGF signaling might be communicated whether or not NGF signals through PI3-K in CCVs.
to the cell interior through the endocytosis of NGF bound to TrkA in CCVs. Isolation of a purified CCV fraction allowed us to test this idea. The membranes we isolated Discussion were highly enriched in both structural and functional markers of clathrin-coated membranes. Importantly, Neurotrophin-induced signals must be conveyed from they showed little contamination by the plasma memthe presynaptic terminal to the cell body to induce pleiobrane and were not detectably contaminated by early tropic effects on survival and differentiation. In the studendosomes, the only other endosomal compartment ies reported herein, we addressed the possibility that the likely to contribute to NGF endocytosis or signaling at clathrin pathway plays an important role in facilitating the the time points monitored. We found that NGF was presmovement of the neurotrophin signal from the cell surface ent in the CCV fraction and that this NGF was specifically to internal membranes. We showed that NGF signaling bound to TrkA, suggesting that the receptor would conincreased the formation of clathrin-coated membranes tinue to be activated following endocytosis. Leof, 2000 , for review). The existence was also the appearance of increasing levels of the on CCVs of a signaling complex for activating the Rasactivated forms of Ras and Mek1/2. Significantly, phos-MAPK pathway helps to explain these findings. The posphorylated Erk1/2 were present essentially only in CCVs sible physiological significance of CCV-based MAPK isolated from NGF-treated cells, and these kinases were signaling is supported by data showing that MDC inhibable to access substrate, as judged by their ability to ited both neurite outgrowth and survival of rat cerebellar robustly phosphorylate Erk. These data give further evineurons (Gilad and Gilad, 1986) and that inhibition of dence that CCVs are the source of the NGF signal in NGF internalization in PC12 cells using a dynamin muour preparations. A contaminant would not be expected tant blunted neurite outgrowth (Zhang et al., 2000) . to show changes that were so dramatic, varied across Taken together with our findings, these data point to an treatments, and differed from protein to protein (Table 1) ). These synaptosomes were equilibrated by incubation then added to each 1 ml aliquot, and the cell suspensions were in PGB for 20 min at 37ЊC, then treated with 50 ng/mL NGF, chilled, rotated at 4ЊC for 1 hr. After thus allowing for receptor occupancy and resuspended in 1 ml of MES permeabilization buffer. A total at a temperature that inhibits membrane trafficking, cell suspensions membrane fraction was obtained by freeze-thawing the synaptosomes were warmed to 37ЊC or were not warmed. Following warming, cell three times, followed by centrifugation at 100,000 ϫ g for 1 hr at 4ЊC. suspensions were rapidly chilled and then either resuspended in the buffer used to isolate CCVs or lysed. 
Cell Fractionation
